The Sea-Whale 2000 Autonomous Underwater Vehicle (Sea-Whale 2000 AUV), developed by the Shenyang Institute of Automation, CAS, is an instrument platform designed to glide to depths of 2000 meters for the observation of environmental parameters of deep sea environment, which endurance can reach 1500 kilometers at the speed of 0.5m/s. In order to ensure that the platform can keep neutral buoyancy under different depth and reduce power consumption as much as possible, we design a set of passive buoyancy balance system. Through the bench and sea experiment, the passive buoyancy balance system can reliable applied to the Sea-Whale 2000 AUV system.
INTRODUCTION
AUV has been widely used in underwater detection and other fields in recent years, which can carry more power hungry payloads, but the high power consumption limited the operation time of traditional AUV[1] [2] . Gliders in operation today are capable of ranges of thousands of kilometers, but lower speed and smaller load capacity limited the range of applications of gliders [3] [4] . The Long-Range Autonomous Underwater Vehicle (LR-AUV) is a new type of observation AUV which is designed for wide Marine environment observation [5] [10] . The typical LR-AUV is the Tethys designed by Monterey Bay Aquarium Research Institute(MBARI) [6] and the Autosub LR designed by University Of Southampton [7] .
Sea-Whale 2000 AUV as a new type of LR-AUV is an instrument platform designed to glide to depths of 2000 meters for the observation of environmental parameters of deep sea environment, which endurance can reach 1500 kilometers at the speed of 0.5m/s. The Sea-Whale 2000 AUV can reach a maximum speed of 1m/s. The self-carried sensor can be used to carry out mesoscale water survey, and the Sea-Whale 2000 AUV can extend dissolved oxygen, chlorophyll and other sensors. In this paper we first describe the operation process of the Sea-Whale 2000 AUV and provide the vehicle characteristics. Then we present the design of the passive buoyancy balance system. Finally we present the development of the laboratory simulation experiments and sea trial for passive buoyancy balance system and the experiments results show the passive buoyancy balance system can reliable applied to the Sea-Whale 2000 AUV system.
II. VEHICLE CHARACTERISTICS
The Sea-Whale 2000 AUV adopts modular design idea, which reduces the complexity of the whole system design and enhances the scalability of the system. The Sea-Whale 2000 AUV can be divided into five sections. The fore cabin is mainly used to positioning various sensors, which installed to avoid touching sonar, DVL-ADCP, and can expand the installation of various sensors; The buoyancy-regulation cabin is mainly used to balance the change of net buoyancy caused by the change of water density, which installed to hydraulic buoyancy-regulation system and fixed battery pack; Attitude-regulating cabin is used to adjust the sailing attitude under different working conditions, which installed to attitude-adjustment device and control unit; Buoyancy-compensation cabin is used to ensure the communication security, which installed to pneumatic buoyancycompensation device, flexible combination antenna, CTD sensor and emergency device; Aft cabin is used to ensure the steering and propulsion of the Sea-Whale 2000 AUV, which installed to steering gear and propeller propulsion unit, The pressure bearing housing of the Sea-Whale 2000 AUV is composed of carbon fiber nonmetallic materials. Fig. 1 reveals the vehicle characteristics and the hydraulic buoyancy-regulation system of the Sea-Whale 2000 AUV. 
III. PASSIVE BUOYANCY BALANCE SYSTEM DESIGN
As the depth increases, the density, temperature and salinity of seawater will gradually change [9] (Fig.2) . In order to ensure that the platform can reach the depth of 2000 meters, the passive buoyancy balance system adopts the method of changing the displacement volume to balance the buoyancy of the vehicle. The net buoyancy change at the maximum depth of the vehicle is:
ρ is the density of water on the surface, 2 ρ is the density of water at the depth of 2 kilometers (considering the pressure of the seawater), p V is the drainage volume of the vehicle.
With the increase of diving depth, the bearing shell of the vehicle will be deformed due to the increase of seawater pressure, thus leading to the decrease of the drainage volume of the vehicle. The volume compression at the maximum depth of the vehicle is 0.7L, which calculated through commercial software CFD [8] , Fig 3 reveals the meshing process. A small allowance for buoyancy adjustment is also required, after calculated the equilibrium oil level is set at 2.3L. The principle schematics of the buoyancy-regulating system of the Sea-Whale 2000 AUV is shown in Fig.5 . The external oil bladder is arranged outside the vehicle and the internal oil bladder is arranged inside the pressure-bearing tank. The amount of oil in the internal oil bladder is measured by a linear potentiometer mounted on the internal oil bladder. The brushless motor drives the high-pressure plunger pump to realize the function of filling oil from the internal oil bladder to the external oil bladder at different depths, which can increase the drainage volume of the vehicle. In the environment of shallow water (less than 10 meters), the pressure difference cannot be established between the external oil bladder and the internal oil bladder, so using low pressure diaphragm pump oil from external oil bladder back to the internal oil bladder. In the environment of deep water, using the throttle valve with pressure compensation complete the process of oil return, which can control the flow stability of the oil back to the internal oil bladder at different depth, and can absorb oil instantaneous pulse at the same time, this process can increase the drainage volume of the vehicle. The layout of the buoyancy-regulating system is shown in Fig.6 . The external oil bladder component is connected to the pressure spherical shell through the high-pressure connector, and the buoyancy-regulating control device is installed on the upper cover of the internal oil bladder, which is connected with the pressure spherical shell through the stainless steel tube. Fig.6 The layout of the buoyancy-regulating system
IV. PASSIVE BUOYANCY-REGULATING SYSTEM EXPERIMENT

A. Laboratory Simulation Experiment
The passive hydraulic buoyancy-regulating system is mainly used to balance the high efficiency of buoyancy, so the platform can keep neutral buoyancy under different depth. We designed the experiment device to experiment for the pumping hydraulic oil underwater and passive hydraulic oil return underwater.
We carried out a lab-based experiment to measure the efficiency of the buoyancy-regulating system by simulating its actual operation conditions in different operating depth. Fig. 7 shows the experiment bed used to carry out experiments for measuring the efficiency of the buoyancyregulating device. Fig.7 Experiment device used for texting the efficiency of the buoyancyregulating system In the experimental system, the voltage source is the input of energy, and the pressure and displacement of the oil are the effective output of energy, so it can be measured by experiment that the buoyancy-regulating system effective in different pressures. An overflow valve is used to simulate sea water pressure. The relationship between efficiency and operating depth of the buoyancy-regulating system can be computed with the following function:
Where is the power, P is the pressure, V is the displacement. Fig.8 shows the experimental results of the efficiency operating in different depth. The experimental results show that with the pressure increase, the efficiency of the system increases, and the maximum efficiency can reach 53%. In order to verify the stability of passive oil return of buoyancy-regulating system we carried out an experiment device. The experimental device simulates the external environment pressure through a hydraulic station, and the hydraulic station can provide the maximum pressure of 21MPa and the maximum flow of 15L/min. Fig.9 show the experiment device used for texting the working condition for the passive hydraulic oil return underwater Fig.9 Experiment device used for texting the passive hydraulic oil return underwater Fig.10 show the flow of the system under different pressure. It can be seen from the experimental results that, due to the effect of the throttle valve, the system flow is relatively stable, and the fluctuation range of the flow is 0.92L/min -1.1l/min when the external pressure rises from 3MPa to 21MPa. The fluctuation range is 0.18 L/min, which can satisfy used in the hydraulic buoyancy-regulating system. 
B. Functional Sea Trial
In November 2018, the prototype of Sea-Whale 2000 AUV conducted functionally sea trial in the South China Sea (Fig.11 ). During the trial, the performance of the passive buoyancy balance system was tested, and the trial results showed that vehicle can change with different depth by adjusting the buoyancy balance system. Fig.11 The sea trial of Sea-Whale 2000 AUV Fig.12 show the sea trial result of the passive hydraulic buoyancy-regulating system. The Sea-Whale 2000 AUV diving depth was set as 105 meters in the test, and the control error was 2 meters. When the vehicle detected that the depth exceeded the error, the passive hydraulic buoyancyregulating system return solenoid valve was opened, and the oil volume (50ml) worth 15 potentiometers was adjusted each time. The test results showed that after 4 adjustments, the vehicle achieved stable navigation at the depth of 105 meters. 
V. CONCLUSIONS
The Sea-Whale 2000 AUV is developed for the application of deep-sea environmental variables observation, and it will become a useful platform for deep-sea environmental horizontal section observatory. The Sea-Whale 2000 AUV has superior range characteristics as compared with existing propeller-driven AUVs. The passive buoyancy balance system is used to AUV sailing in a state of neutral buoyancy and zero attack angle. The effectiveness of the passive buoyancy balance system is validated through laboratory simulation experiments and sea trial.
In the future, the reliability of the passive buoyancy balance system is verified by prototype long -range test. The performances of the Sea-Whale 2000 AUV would be continuously improved as applying it in practical ocean environment observatory programs.
